Diffusion bonding between W and ferritic/martensitic steel F82H using a Ti interlayer was carried out in vacuum at temperature range of 850−950 °C for 1 h with 10 MPa. Metallographic analysis with field-emission scanning electron microscopy revealed excellent bonding at both W/Ti and Ti/F82H interfaces. The chemical compositions of the reaction products were analyzed by energy dispersive spectroscopy and their existence were confirmed by X-ray diffraction technique. α-β Ti solid solution was detected at W/Ti interface, while the reaction phases at Ti/F82H interface are dependent on the joining temperature. Joint strength was evaluated and the variations in strength of the joints were significantly related to the microstructural evolution of the diffusion zone. All the joints fractured at Ti/F82H interface during shear testing. The hardness distribution across the joining interfaces was also determined.
Introduction
Tungsten (W) is a promising refractory material for fusion nuclear application, for its high resistance against sputtering and low tritium retention [1, 2] . Reduced activation ferritic/martensitic (RAFM) steels, which were developed for simplify special waste storage of highly radioactive structures of fusion reactor after service, is one of the candidates to be used as first wall and blanket structural materials in fusion reactors [3] , F82H is one such steel [4] . Joining of W to RAFM steels is required for some components such as divertor in fusion device according to the design [5] . Conventional fusion welding method is inapplicable for joining of them, due to a high possibility of the brittle intermetallic compounds (FeW and Fe 7 W 6 ) formation in the weld zone, in addition the large difference in melting points of these two materials. Furthermore, W and steel have remarkable differences in their physical properties, in particular the mismatch of their coefficients of thermal expansion (CTE), which results in a large residual stress in the joints after joining.
Several joining techniques have been developed for joining of W to steel, such as active metal brazing [6] , plasma spraying [7] , and diffusion bonding [8, 9] . The metallic brazing produced high strength joints and provided well reproducible results. However, the brazing temperature of 1150 °C is high enough to cause grain coarsening in steel and consequently leads to the degradation of material's properties [6] . For the components produced by plasma spraying, obtaining an acceptable dense and sufficient strength W coating on steel is difficult. Diffusion bonding seems to be a suitable way to join W with steel due to its tolerable bonding temperature and the joint could be used at high temperatures.
In the case of diffusion bonding of dissimilar materials, an interlayer inserted between substrates is often necessary to prevent the formation of intermetallic compound and to reduce the residual stress in the joints. We have successfully used nickel as interlayer for bonding of W to ferritic steel and found that the tensile strength of the joint was as high as 215 MPa [9] . In the present work, we investigated the feasibility of joining of W to F82H steel by inserting a titanium (Ti) interlayer through diffusion bonding. Ti was selected as interlayer material because the CTE of Ti (8.4×10
-6 K -1 ) is between that of W (4.5×10 -6 K -1 ) and F82H steel (12.3×10 -6 K -1 ) which is expected to help mitigate the residual stress in the joint, as well as it forms continuous solid solution with W. In addition, Ti has low activation characteristic which is attractive for fusion nuclear applications. Table 1 . Prior to diffusion bonding, the bonding surface of all materials was polished by an emery paper with 1500 grit. The materials were then cleaned in an ultrasonic bath using acetone for 10 min and finally dried in air. The assembly of W/Ti/F82H was joined in a hot-press furnace with a heating rate of 10 °C/min, at temperature range of 850-950 °C for 1 h under a load of 10 MPa in vacuum (<5.0×10 -3 Pa). Once the bonding process was completed, removed the load, and the joint was cooled at a rate of 5 °C/min to 400 °C and followed by furnace cooling in vacuum to room temperature.
Experimental procedures
The cross-sections of diffusion bonded joints were perpendicularly cut and prepared determined by a nano-indenter (ENT-1100a) with a load of 10 g.
Results and discussion

Microstructural and morphological analysis
Successful solid-state diffusion bonding was achieved between W and F82H steel using a Ti interlayer under all the employed experimental conditions. Fig. 1 show similar layered structures, but the thickness of diffusion zone grows from ∼2 to ∼12 µm corresponding to the joining temperature increases from 850 to 950 °C, indicating that the atomic interdiffusion was enhanced at higher temperature. In addition, some transverse micro-cracks can be observed at the W/Ti interface for the joint bonded at 950 °C. The formation of these cracks may be attributed to the following reasons: (1) the CTE mismatch between W and F82H; (2) the enhanced interaction between W and Ti; (3) the CTE mismatch between W and Ti. Considering that crack was not observed for the both 850 and 900 °C joints, the effect of CTE mismatch between W and Ti on the crack formation is believed to be minimal. A likely explanation is that the enhanced interaction between W and Ti, which in turn gives rise to cracking due to the different atomic sizes of W and Ti. This justification, however, doses not exclude the effect of CTE mismatch between W and F82H, because the residual stress that developed in the dissimilar materials joint proportionally increases with the temperature difference between joining and room temperature [10] . The higher the joining temperature, the larger residual stresses may generate in the joint. Nevertheless, these transverse cracks would not greatly affect the joint compressive shear strength, see the after presented strength test results. Additionally, a σ-phase enriched in Cr (∼30 wt. %) that resulted from the uphill diffusion of Cr was widely detected in the both Ti/steel [14, 19, 20] and Ti alloy/steel
[17] interfaces. In the present study, however, the σ-phase has not been found due probably to the Cr concentration in F82H (7.7 wt. %) is much lower than that of in conventional stainless steel, for example, 304 stainless steel contains more than 18 wt. % Cr. (3) that absorbed from the hot-press furnace chamber during joining process, due to the high affinity of Ti for oxygen.
Mechanical properties evaluation and fracture surface analysis
Shear strength of the W/Ti/F82H joints is presented in Fig. 7 . The strength increased when the joining temperature increased from 850 to 900 °C. For the low bonding temperature of 850 °C, the width of diffusion zone is small and the extent of interfacial deformation remains incomplete, as well as the interdiffusion of chemical species is limited at both interfaces. As a result, the mating surface is lack of contact and produced low strength joint. On the contrary, for the 900 °C joining temperature, betterment in plastic deformation of the mating surface improves contact quality. In particular, the extent of interdiffusion of chemical species was significantly enhanced at higher temperature. Thus the shear strength improved and reaches its maximum level (102 ± 11
MPa) for 900 °C joint, although a small width intermetallic layer was generated at the Ti/F82H interface.
A further rise in joining temperature though leads to enhancement of interdidiffusion and better plastic deformation, shear strength was decreased. Benefit from interdiffusion and detriment effect by the growth of brittle intermetallics may balance each other; and it seems that the shear strength is mainly governed by the latter factor. Additionally, the Kirkendall voids formed at the interface due to the imbalance in flux transfer of Ti and Fe atoms [14] during diffusion bonding is also responsible for the reduction in shear strength [22] , though it may be not the main factor due to their small volume fraction. These voids were difficult to observe in SEM micrographs maybe owing to their sub-microscopic size, but it was evidenced by the fracture surfaces after shear testing as shown in Fig. 8 .
All the joints fractured at Ti/F82H interface during shear testing and the fracture surfaces of the joints are given in Fig. 8 . The fracture surface of the joint processed at low temperature is basically featureless (Fig. 8(a) ). The discrete black islands attached on the fracture surface are Ti. When the joining temperature is raised to above 900 °C 
Conclusions
The interfacial microstructure and mechanical properties of diffusion bonded W/F82H joints using a Ti interlayer have been investigated and the following conclusions were drawn. 2) The strength increased firstly as the joining temperature was raised up to 900 °C and then decreased. The maximum shear strength of 113 MPa has been obtained for 900 °C joint.
3) The joints fractured at Ti/F82H interface during shear testing due to the incomplete interfacial deformation and limited interdiffusion occurred at the interface for the low joining temperature joints or the formation of brittle intermetallics for the high temperature joints.
4) The observed high hardness at both W/Ti and Ti/F82H interfaces is ascribed to the formation of solid solution and/or intermetallic phases. 
